A new carnitine palmitoyltransferase (CPT) was purified to homogeneity from bovine liver mitochondria which were 96% free of peroxisomal contamination, as judged by catalase and glutamate dehydrogenase activities. The enzyme is easily removed from mitochondria, without the use of detergent. It is monomeric (Mr 63 500), unlike other preparations of CPT from mitochondria, and is most active with myristoyl-CoA and palmitoyl-CoA. The Km values are between 0.8 and 4,UM for a range of substrates from hexanoyl-CoA to stearoyl-CoA; these are much lower than values reported for other purified CPT preparations. The Km for L-carnitine is 185 /kM measured with palmitoyl-CoA, and does not vary greatly with the chain length. This is also lower than the values reported for other CPT preparations, but higher than those cited for the medium-chain transferases. Kinetic and inhibitor studies were consistent with a rapid-equilibrium randomorder mechanism. 2-Bromopalmitoyl-CoA, which is an inhibitor of the outer CPT, inhibited the enzyme competitively with palmitoyl-CoA as the variable substrate, when added without preincubation. If the enzyme was preincubated with 2-bromopalmitoyl-CoA and carnitine, the activity did not reappear after gel filtration of the protein. The inhibitor was bound in a 1: 1 stoichiometry per subunit of enzyme.
INTRODUCTION
Carnitine palmitoyltransferases (CPTs; EC 2.3.1.21) catalyse the reversible transfer of a long-chain fatty-acyl group from acyl-CoA to L-carnitine. CPT activities are located on both sides of the mitochondrial inner membrane, utilizing the cytosolic or matrix pools of carnitine and CoA. These enzymes, along with the carnitine-acylcarnitine translocase, facilitate the uptake of long-chain fatty acids into the mitochondrial matrix for oxidation (for reviews see Bremer, 1983; Hoppel & Brady, 1985) .
Studies of the properties in situ of the outer CPT (CPT-A), compared with those ofthe inner CPT (CPT-B),
have revealed a number of differences. CPT-A is more easily removed from rat liver mitochondria by digitonin extraction (Hoppel & Tomec, 1972) . In the same tissue, a comparison of CPT kinetics between intact mitochondria and inverted submitochondrial vesicles indicated that CPT-A and CPT-B have different kinetic properties (Brady et al., 1986) . In particular, CPT-A is strongly inhibited by malonyl-CoA, but the inhibition is lost when the enzyme is removed from the mitochondrial inner membrane (McGarry et al., 1978; Saggerson, 1982) . CPT-B is apparently much less sensitive to malonyl-CoA (McGarry et al., 1978; Brady et al., 1986) . Clarke & Bieber (1981) and Miyazawa et al. (1983) have purified CPT from ox heart and rat liver mitochondria respectively. They concluded that one distinct protein was responsible for all CPT activity in mitochondria. It was proposed that the different properties of CPT-A and CPT-B in situ might be due to the different environments experienced by the protein on either side of the mitochondrial inner membrane (Bieber & Farrell, 1983) .
In contrast with these reports, West et al. (1971) have reported the separation of two pools of CPT activity from ox liver mitochondria. One was readily soluble without detergent and was inactivated by 2-bromopalmitoyl-CoA. The second was tightly bound to membrane material and used 2-bromopalmitoyl-CoA as a substrate. It is known that 2-bromopalmitoyl-CoA acts as an inhibitor of CPT-A in intact mitochondria (Chase & Tubbs, 1972) . It was proposed that the easily solubilized enzyme corresponded to CPT-A. This protein was apparently different from the CPT isolated from calf liver mitochondria by Kopec & Fritz (1971) , which required a detergent to solubilize it.
Here we report the full purification and properties of the CPT identified by West et al. (1971) and Edwards (1973) , and demonstrate that it is a monomer with one long-chain acyl-CoA-binding site per monomer. Kinetic and inhibitor studies are presented to compare with the detergent-solubilized, presumably inner, CPT preparations described in the literature (Miyazawa et al., 1983; Clarke & Bieber, 1981; Kopec & Fritz, 1971) . The results suggest that the differences between the two enzymes are not solely due to the effect of the membrane, but that they are different molecules.
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EXPERIMENTAL CPT assay
The problems of the CPT assay have been reviewed (Bieber & Farrell, 1983) . In the forward direction, we chose to measure CoASH release by its reaction with 4-PDS (made up in ethanol each week) as described for carnitine acetyltransferase (CAT) (Ramsay & Tubbs, 1975) . The assay system (25°C, 1 ml) contained 25 mM-potassium phosphate, pH 7.5, 125,uM-4-PDS, acyl-CoA as indicated (e.g. 25 ,M-palmitoyl-CoA), enzyme and 2 mM-L-carnitine. In crude samples the hydrolase rate was determined, and then L-carnitine was added to initiate the reaction. The molar absorption coefficient for the 4-thiopyridone is 19600 M-1 cm-' at 324 nm. It is important to note that CPT activity is competitively inhibited by both Hepes and Mops, perhaps because, like carnitine, they are zwitterions. The Ki for Hepes was 55 mm, and for Mops was estimated to be 65 mm. The ionic strength was kept constant by addition of NaCl.
The reverse reaction was measured at 232 nm. The assay contained, in 1 ml, 20 mM-potassium phosphate, pH 7.4, 5-100 /tM-palmitoyl-L-carnitine, 0.2 mM-CoASH and 2 gg of enzyme/ml. Both reactions were followed with a Uvikon 810 spectrophotometer (Kontron Instruments).
Carnitine solutions (neutralized with KOH) were standardized by using acetyl-CoA and CAT (Sigma) in the 4-PDS assay. Solutions of acyl-CoA were measured by the reaction with 4-PDS of the CoASH released after alkaline hydrolysis.
Other enzymes
Carnitine octanoyltransferase (COT) was measured as described above, but with 0.2 mM-octanoyl-CoA, and CAT was assayed with 0.2 mM-acetyl-CoA. Glutamate dehydrogenase, catalase and urate oxidase were measured by standard methods (Bergmeyer, 1974) .
Protein was measured by the biuret method (Gornall et al., 1949) for crude samples and by the Lowry et al. (1951) method for pure samples.
Solubilization and purification of CPT
These were based on the procedures of West et al. (1971) and Edwards (1973) .
Bovine liver mitochondria were prepared by the method of Kearney et al. (1971) and frozen for up to 4 months. The purity of the mitochondrial preparations is discussed below. The mitochondria (50 g) were almost thawed and blended vigorously with 2 vol. of cold glass-distilled water for 2 min. The pH was adjusted to 5.2 with 20% (v/v) acetic acid and the homogenate stirred for 20 min at 4 'C. After centrifuging at 20000 g for 20 min, the supernatant contained 15-250% of the total CPT activity. The enzyme was precipitated with 550 -satd. (NH4)2S04, resuspended in 10 mM-potassium phosphate, pH 7.0, and dialysed overnight against running tap water. A considerable precipitate formed, but it contained no CPT activity and it was removed by centrifugation at 20000 g for 10 min.
The supernatant was adjusted to 5 mM-potassium phosphate by addition of 1 M-potassium phosphate, pH 7.5, and to pH 7.5 with KOH. It was applied to a DEAE-cellulose column (20 cm x 6.5 cm), which was washed with 10 mM-potassium phosphate, adjusted to pH 7.5 with KOH, until no further protein was eluted. The CPT activity was eluted with 20 mM-potassium phosphate, pH 7.5. Acyl-CoA hydrolase activity is removed by this step. The yield was only about 60%, because residual membrane-bound enzyme was washed straight through the column. The active fractions were applied directly to a column (25 cm x 3.5 cm) of Blue Sepharose CL-6B (Sigma) equilibrated with 20 mMpotassium phosphate, pH 7.5. The column was washed with 300 ml of starting buffer, then with the buffer containing 80 mM-KCl until the A280 of the eluate returned to the baseline (about 400 ml). The CPT activity was eluted with a gradient of 80-400 mM-KCl in 20 mMpotassium phosphate, pH 7.5 (900 ml each). The pooled fractions were concentrated by ultrafiltration (Amicon PM30) with gentle stirring. The preparation was diluted 5-fold and applied to a small column (18 cm x 1.5 cm) of Blue Sepharose CL-6B equilibrated with 20 mM-potassium phosphate, pH 7.5. After washing with buffer containing 50 mM-KCl, the CPT was affinity-eluted with octanoyl-CoA (10 mg in 100 ml of washing buffer). This elution is slightly variable, depending on the amount of hydroxymethylglutaryl-CoA synthase carried through from earlier stages. Octanoyl-CoA elutes less of this enzyme than does CoA. [If pure enzyme is not obtained at this stage, a final chromatofocusing step can be used, with a column (1 cm x 10 cm) of PBE 94 (Pharmacia) equilibrated with Polybuffer 74 (Pharmacia) diluted 25-fold and adjusted to pH 5 with HCI. CPT is eluted at pH 6, its pl.] The pooled fractions were concentrated to 1 mg/ml and dialysed against 20 mM-potassium phosphate, adjusted to pH 7.5 with KOH, containing 0.2 mMdithioerythritol, for 3 h. The enzyme is stable for years when stored in 20% glycerol/0.2 mM-dithioerythritol at -20°C.
The purity of the enzyme was assessed by SDS/polyacrylamide-gel electrophoresis. The specific activity of the purest preparation in the 4-PDS assay with 20 /tM-palmitoyl-CoA and 2 mM-L-carnitine was 42 ,tmol/min per mg.
Separation of mitochondria and peroxisomes
Mitochondrial and peroxisomal fractions were isolated essentially as described by Fleischer & Kervina (1974) . Fresh ox liver (50 g) was finely chopped in 150 ml of 0.25 M-sucrose/ 10 mM-Hepes, pH 7.5, at 4°C (sucrose medium), gently homogenized by two full passes in a Dounce homogenizer, and filtered through six layers of muslin. After sedimentation at 1200 g for 10 min, the pellet was resuspended in sucrose medium (A). The supernatant was filtered through four layers of muslin and centrifuged at 39000 g for 10 min. The pellet was resuspended in sucrose medium containing 0.6% ethanol (B). Both samples (A and B) were run on sucrose density gradients containing 500 dextran and 0.1 % ethanol as described by Fleisher & Kervina (1974) for 1 h only at 200000 g (ray. = 10.9 cm) and harvested immediately at 4 'C. Fractions were assayed for protein and, after 2-fold dilution with 20 mM-potassium phosphate, pH 7.5, containing 0.10/ Triton X-100, for CPT, COT, CAT, glutamate dehydrogenase (mitochondrial marker) and catalase (peroxisomal marker).
Determination of Mr
Subunit Mr was determined by SDS/polyacrylamidegel electrophoresis (Laemmli, 1970) . Native Mr was determined by gel filtration on Sephadex G-150, by non-denaturing gel electrophoresis (Hedrick & Smith, 1968) , by sedimentation on sucrose gradients (Martin & Ames, 1961) , and by h.p.l.c. on a Spherogel TSK 3000 column.
Materials
Column materials were purchased from Whatman, except for Sepharose CL-6B, which came from Pharmacia. 4-PDS was obtained from Aldrich. The acyl-CoA substrates and other biochemicals (analytical grade) came from Sigma. N-Trimethylamino-undecanoyl-DLcarnitine (Ramsay & Tubbs, 1986 ) and 2-bromopalmitoyl-CoA (Chase & Tubbs, 1972) were synthesized as described in the references.
RESULTS AND DISCUSSION Purification of the soluble CPT
The ease of solubilization of this enzyme (15-25o% of the total CPT activity) distinguishes it from other mitochondrial preparations of CPT (Kopec & Fritz, 1971; Clarke & Bieber, 1981; Miyazawa et al., 1983) . Only peroxisomal COT is as easily solubilized from whole tissue (Miyazawa et al., 1983) , but contaminating peroxisomes were unlikely to be the source of this CPT (see below). CPT is released from ox liver mitochondria by water extraction after a freeze-thaw cycle, and attempts to re-attach it to depleted mitochondrial membranes were unsuccessful. The earlier steps in the purification (see Table 1 ) were based on previous work (West et al., 1971; Edwards, 1973) , but affinity elution and sometimes chromatofocusing were required to obtain homogeneous enzyme. The purification is shown in Table 1 . The enzyme had no impurities detectable by SDS/polyacrylamide-gel electrophoresis (Fig. 1, lanes 7  and 8) .
It was important to establish that the enzyme was mitochondrial, and not peroxisomal, in origin if it were to be demonstrated to be CPT-A. The activities of CPT, Fig. 1. SDS/polyacrylamide-gel electrophoresis of CPT during and after its purification from ox liver mitochondria Tracks 1 and 6, Mr markers (phosphorylase b, 92500; bovine serum albumin, 66200; ovalbumin, 45000; carbonic anhydrase, 31000; soya-bean trypsin inhibitor, 21500; lysozyme, 14400; the mixture was a low-Mr marker kit from Bio-Rad); tracks 2 and 3, 2 and 4 ,ug, pooled fractions after DEAE-cellulose step; tracks 4 and 5, 2 and 5 ,tg, after salt elution from the large Blue Sepharose column; tracks 7 and 8, 1 and 3 ,ug, purified enzyme after affinity elution.
COT, CAT and marker enzymes were measured after separation of the organelles from whole liver homogenates on sucrose gradients (Fig. 2) . Ratios of the averaged specific activities of the three peak fractions for peroxisomes (Fig. 2a) and mitochondria (Fig. 2b) were compared ( Table 2 ). The results show that CAT is completely mitochondrial. COT is enhanced in peroxisomes, but not as much as catalase, whereas in the mitochondrial peak the enhancement is greater than for catalase. This distribution is consistent with the presence of COT in peroxisomes and the contribution to the total COT activity by mitochondrial CPT. The CPT ratios do not mimic COT. Most CPT activity is mitochondrial, and the very slight enhancement in peroxisomes above the peroxisomal/mitochondrial ratio for glutamate dehydrogenase is probably due to cross-reactivity of COT. The averaged ratio of COT/CPT activity in mitochondria is 0.5 in both Figs. 2(a) and 2(b), and in peroxisomes is 0.98 (Fig. 2a) . The latter ratio is much less than the 4-fold excess of COT activity found in mouse liver peroxisomes (Farrell et al., 1984) or the 10-fold excess found in rat liver peroxisomes (Miyazawa et al., 1983) , but is clearly different from the mitochondrial ratio.
To eliminate further the peroxisomes as a source of the soluble CPT, one routine preparation was monitored by assaying samples at each step immediately for cytochrome oxidase, glutamate dehydrogenase, catalase, urate oxidase and L-az-hydroxyacid oxidase. Portions of each sample were promptly treated with no addition, or 0.1 % ethanol (to protect catalase activity), or 0.10% Triton X-100 (to lyse particles), and the highest activity measured was used in compiling the recovery and contamination of the mitochondria. The results were comparable with data obtained by Leighton et al. (1968) for a mitochondria preparation in which they estimated about 1.5% of the protein came from peroxisomes (results not shown). Certainly peroxisomal contamination of the mitochondria was insufficient to account for 20% of the CPT activity.
Properties of CPT
The properties of the previously purified CPT preparations have been reviewed (Hoppel & Brady, 1985) . For this easily solubilized CPT, the subunit Mr (63 500 + 800) is lower than that obtained with detergentsolubilized preparations (e.g. Clarke & Bieber, 1981; Miyazawa et al., 1983) , but similar to the peroxisomal COT from rat liver (Miyazawa et al., 1983 ). The native Mr was examined by gel electrophoresis, column chromatography, h.p.l.c. and sucrose-gradient sedimentation. In all cases the activity was recovered in monomeric form, unlike the high-Mr detergent-solubilized enzymes (Bergstrom & Reitz, 1980; Clarke & Bieber, 1981; Miyazawa et al., 1983) . The pl is low (pH 6.0), which distinguishes this preparation from the detergent-solubilized CPT preparation of Clarke & Bieber (1981) , which had a pl of around 8. The amino acid composition (Table 3) is similar to that found by Clarke & Bieber (1981) , except that we find twice as much glycine.
The pH-dependence of the enzyme activity in the 4-PDS assay was examined. At fixed palmitoyl-CoA (25 ,tM) and varied carnitine concentrations, Vmax does not change between pH 6.0 and 8.5, in contrast with the decrease observed for ox heart CPT-B . Km for carnitine increases below pH 7.0, as observed with other preparations  , 1984) . Salt concentration has only a small effect on activity, in agreement with the lack of effect on digitonin-released CPT activity (Wood, 1973 Table 4 ). The ratio of the Vmax values for octanoyl-CoA/palmitoyl-CoA was 0.57, similar to that observed for CPT-B from rat liver mitochondria (0.5; Miyazawa et al., 1983) , but different from that for calf liver (0.015; Kopec & Fritz, 1973) and ox heart (1.13; Clarke & Bieber, 1981) enzyme. It should be noted that the assay conditions, especially for palmitoyl-CoA, affect these ratios enormously (see Miyazawa et al., 1983) , so the ratios from the different laboratories should be compared with caution.
Kinetic studies
The substrate specificity of soluble CPT is shown in Table] , except for that reported for rat liver by Bird et al. (1985) , but much higher than the values of 20-40,UM reported for COT enzymes (Miyazawa et al., 1983; Farrell et al., 1984) . 2-bromopalmitoyl-CoA. CPT (3.2 nmol; 1.06 mg/ml) was incubated for 1 h at 30 'C with L-carnitine (6 nmol) with or without 2-bromopalmitoyl-CoA (6 nmol). The samples were chilled, passed through Sephadex G-50 (fine grade) and diluted to 3 times the original volume. The spectrum of each sample (a or b) was recorded by using a diodearray spectrophotometer (Hewlett-Packard HP 84519). Spectrum c (----) is the difference spectrum, and is identical in form with the spectrum for 2-bromopalmitoyl-CoA alone.
in situ, the palmitoyl-CoA/albumin ratio affects the apparent Km for L-carnitine (Edwards et al., 1985) . For the purified enzyme, with a constant albumin/palmitoylCoA ratio, the kinetic constants were only slightly affected (Table 4 ). The dramatic effect of Tween 20 on detergent-solubilized CPT from rat liver has been described (Miyazawa et al., 1983) . Its addition, therefore, rather complicates the interpretation of the data, but in its absence the Km for palmitoyl-CoA is so low that the total absorbance change for concentrations in the required range is very small.
Vol. 244 Time (s) Table 6 summarizes the kinetic effects of inhibitors on the forward reaction of CPT in the absence and presence of Tween 20. The inhibition patterns are consistent with the rapid-equilibrium random-order mechanism suggested by kinetic studies. When the inhibitor has a long acyl chain, mixed inhibition is observed, consistent with the proximity of the two substrate sites proposed by Chase & Tubbs (1972) . 2-Bromopalmitoyl-CoA was an excellent competitive inhibitor (when added without preincubation), consistent with its similarity to palmitoyl-CoA and with the concentration required to cause 50% of the , 1985) . 2-Bromoacetyl-CoA was a very poor inhibitor of the purified CPT (as also found by Miyazawa et al., 1983) , consistent with the observation that solubilization causes loss of its malonyl-CoA-like effect observed in intact rat liver mitochondria (Edwards et al., 1985) . Malonyl-CoA is a competitive inhibitor of the purified enzyme when assayed at palmitoyl-CoA concentrations below the critical micelle concentration. There is no evidence for a regulating malonyl-CoA-sensitive site in the purified enzyme. Certain inhibitors can be used to distinguish this CPT preparation from peroxisomal COT and from CPT-B. Peroxisomal COT isolated from mouse liver was not inactivated by 5,5'-dithiobis-(2-nitrobenzoate) (Farrell et al., 1984) . In our preparation, CPT is completely inactivated by incubation with 125 ,uM-4-PDS under the conditions described for the assay, with tq of 10 min.
Substrates (25 ,uM-palmitoyl-CoA and/or 2 mM-L-carnitine) protect against inactivation (results not shown). Irreversible inhibition of CPT-A by 2-bromoacyl substrates has been described (Chase & Tubbs, 1972; Edwards et al., 1985) . The irreversible inhibition requires incubation of the enzyme with the inhibitor in the presence of L-carnitine and occurs only with CPT-A (C) (Chase & Tubbs, 1972) . Carnitine-dependent inactivation by 2-bromopalmitoyl-CoA is now an established method of distinguishing between CPT-A and CPT-B (Bremer, 1983) . Miyazawa et al. (1983) have reported that peroxisomal COT is also inactivated by 2-bromopalmitoyl-CoA, so CPT-A and peroxisomal COT resemble each other in this respect. The mechanism is assumed to be via the formation of the S-carboxypalmitoyl-CoA ester of L-carnitine, in a manner analogous to the inhibition of CAT by 2-bromoacetyl-CoA and carnitine (Chase & Tubbs, 1969; Tubbs et al., 1980) . During the incubation, CPT-A catalyses the formation of 2-bromopalmitoyl-L-carnitine and CoA. The terminal thiol group of CoA then alkylates the bromopalmitoylcarnitine, with the loss of bromine. The resulting adduct is very tightly bound to the active site. Fig. 3(a) shows the time course for the inactivation of purified CPT by 2-bromopalmitoyl-CoA in the presence of L-carnitine. The apparent first-order rate constant at 30°C was 0.023 s-1. To establish that the inhibition was irreversible, CPT was incubated with a 2-fold excess of 2-bromopalmitoyl-CoA and carnitine for 1 h at 30 'C. Excess inhibitor was removed by passing the enzyme through Sephadex G-50, and the enzyme was diluted to 3 times the original volume. There was no re-appearance of activity, even after 8 days incubation on ice, and the residual activity (14% after the removal of the inhibitor) declined in proportion to the loss of activity in the control sample (which retained only 3000 activity after 8 days). In the same experiment, the stoichiometry for the irreversible inhibition was measured (Fig. 3b) . The amount of 2-bromopalmitoyl-CoA bound to the enzyme at the start of the experiment was assessed by the difference spectrum of the inhibited enzyme minus that of the control enzyme. The absorption coefficient for 2-bromopalmitoyl-CoA at 260 nm is 0.036 M-1 cm-'.
Assuming that the 14% residual activity represented enzyme without bound inhibitor, a total of 3.32 nmol of 2-bromopalmitoyl-CoA was bound to 2.84 nmol of CPT (based on the Mr of 63500), a ratio of 1.17 mol of inhibitor/mol of enzyme. This stoichiometry suggests one inhibitor-binding site per monomer, consistent with the model described above. The bound inhibitor could not be extracted from the enzyme by either buffer or ether, even after precipitation of the protein, so covalent binding cannot be ruled out.
This study on completely purified, soluble, CPT from liver mitochondria confirms the observations of West et al. (1971) and Edwards (1973) on the partially purified enzyme. Although this enzyme resembles the COT isolated by Miyazawa et al. (1983) in its lower Mr and sensitivity to 2-bromopalmitoyl-CoA, it is probably not peroxisomal, and its substrate specificity and sensitivity to thiol reagents is that of their CPT from rat liver mitochondria and of CPT isolated from ox heart mitochondria (Clarke & Bieber, 1981) . We consider that its properties both in purified form (the present paper) and in situ (West et al., 1971; Edwards et al., 1985) suggest that it is indeed distinct from the tightly membrane-bound CPT-B (Edwards, 1973; Bergstrom & Reitz, 1980; Clarke & Bieber, 1981) . Confirmation must await immunological studies and the direct kinetic comparison of the purified enzymes.
